Introduction
============

Nanomedicine[@b1-ijn-11-3357] has been widely used in recent years. Many types of nanosized carriers have been designed, including polymeric micelles,[@b2-ijn-11-3357] liposomes,[@b3-ijn-11-3357] nanoparticles, and drug delivery systems for cancer therapy.[@b4-ijn-11-3357] Nanocarriers for drug encapsulation are advantageous for cancer therapy because of preferential accumulation of the drug in the tumors through enhanced permeability and retention. Cancer cells secrete proangiogenic factors that induce angiogenesis at the tumor site, increasing the permeability and pore size of the vessels. Thus, the micelles localized at tumor sites in vivo can enhance the efficiency of treatment and decrease the side effects via enhancing permeability and retention.[@b5-ijn-11-3357],[@b6-ijn-11-3357]

Several studies have demonstrated the destruction of cancer cells by noninvasive photothermal therapy (PTT).[@b7-ijn-11-3357]--[@b9-ijn-11-3357] Upon absorption of light of a specific wavelength, photosensitive agents (exogenous chromophores, gold nanoparticles, carbon nanotubes, graphene oxide, and organic chromophores such as cyanine dye IR-780) bound to a tumor site facilitate the conversion of light into heat.[@b8-ijn-11-3357] PTT thereby increases the temperature of the tissue to over 43°C, killing the cancer cells.[@b8-ijn-11-3357] The organic chromophore IR-780 is a demonstrated PTT agent that is excited by near-infrared wavelengths, increasing the depth of tumor treatment. However, the hydrophobic characteristic of IR-780 to normal cells may limit its clinical use. The encapsulation of IR-780 into the micelles is a possible way to overcome this problem.

PTT can induce thermotolerance in cancer cells through the heat-shock response mediated by several heat-shock proteins (HSPs), including HSP-27, -72, and -90.[@b10-ijn-11-3357] HSPs not only lead to resistance in tumors but also reduce the efficiency of PTT. Hence, combined therapies that both enhance the effect of PTT and decrease HSP-induced resistance to chemotherapy are essential. Among the HSP-90 inhibitors used as chemotherapeutic agents,[@b10-ijn-11-3357],[@b11-ijn-11-3357] 17-allylamino-17-demethoxygeldanamycin (17-AAG)[@b12-ijn-11-3357] is the first identified HSP-90 molecular chaperone inhibitor. This agent induces the death of human colon cancer cells in vitro and in vivo[@b13-ijn-11-3357],[@b14-ijn-11-3357] but has poor aqueous solubility and serious hepatotoxicity. Increasing the bioavailability and eliminating the toxicity by encapsulating it in the micelles is feasible.[@b14-ijn-11-3357]--[@b17-ijn-11-3357]

In this study, we synthesized a novel thermosensitive amphiphilic polymer[@b18-ijn-11-3357] p(N-isopropylacrylamide-co-poly\[ethylene glycol\] methyl ether acrylate)-block-poly(epsilon-caprolactone), p(NIPAAM-co-PEGMEA)-b-PCL, by two-step polymerization, which is biocompatible and degradable.[@b19-ijn-11-3357],[@b20-ijn-11-3357] With self-assembled thermosensitive micelles, IR-780/17-AAG--coloaded micelles can be employed to effectively administer both PTT and chemotherapy. The in vitro and in vivo experiments were evaluated in human colorectal adenocarcinoma (HCT-116) cell lines. Due to the thermosensitive characteristic of micelle, it demonstrated controlled drug release and subsequent expression during laser irradiation and change of temperature. The development of new IR-780/17-AAG--coloaded micelles should achieve multiple functions including PTT and chemotherapy at the same time, enhancing the ability of killing cancer cells synergistically, as illustrated in [Figure 1](#f1-ijn-11-3357){ref-type="fig"}.

Materials and methods
=====================

Materials
---------

Azobisisobutyronitrile (AIBN) was purchased from TCI (Tokyo, Japan). ε-caprolactone was purchased from Acros Organics, Geel, Belgium. Poly(ethylene glycol) methyl ether acrylate (PEGMEA) (MW =480 g/mol), N-isopropylacrylamide (NIPAAM), IR-780 iodide, and 4-cyano-4-(phenyl-carbonothioylthio) pentanoic acid (CPPA) were purchased from Sigma-Aldrich, Co., St Louis, MO, USA. Tin(II) 2-ethyleneoctoate (Sn\[Oct\]~2~) was purchased from Alfa Aesar (Ward Hill, MA, USA). The anticancer drug 17-AAG (Tanespimycin) was purchased from LC Laboratories (Woburn, MA, USA). All the drugs were used as received. All solvents, including tetrahydrofuran (THF), toluene, dimethylsulfoxide (DMSO), methanol, and ethanol were of high-performance liquid chromatography (HPLC) grade and partly predried over calcium hydride before reaction.

Synthesis of copolymer CPPA-PCL (macro-CPPA) by ring opening polymerization
---------------------------------------------------------------------------

The copolymer CPPA--poly(ε-caprolactone) (PCL) (macro-CPPA) was synthesized by free-radical polymerization starting from the chain-transfer agent CPPA.[@b21-ijn-11-3357] In brief, CPPA (50 mg) was added into a three-necked round-bottom flask and the residual water and oxygen were removed by evacuating and purging with nitrogen for at least 1 hour. Toluene (20--30 mL), predried over calcium hydride, was then added. A given concentration of ε-caprolactone monomers (2.2 mL) was added until the reagent was dissolved in the solvent in the presence of Sn(Oct)~2~ as a catalyst. The reaction was maintained at 130°C with continuous stirring for 48 hours under nitrogen. Macro-CPPA powders were precipitated with cold ethyl ether twice to remove unreacted ε-caprolactone monomers, and the remaining products were collected by vacuum filtration. The orange powder obtained was dried under vacuum at room temperature to evaporate the solvent. The details of the method are presented in [Figure 2](#f2-ijn-11-3357){ref-type="fig"}.

Synthesis of p(NIPAAM-co-PEGMEA)-b-PCL by reversible addition-fragmentation chain-transfer polymerization
---------------------------------------------------------------------------------------------------------

NIPAAM (3 g), PEGMEA (2.4 mL), macro-CPPA, and AIBN were dissolved in THF (40--50 mL) in a 100 mL three-necked round-bottom flask. The flask was purged with nitrogen for an hour prior to being immersed in a preheated sand bath at 70°C. Reversible addition-fragmentation chain-transfer (RAFT) polymerization was carried out in the flask for 20 hours. The mixtures were then precipitated with cold ethyl ether twice and vacuum-dried overnight. The details of the method are presented in [Figure 2](#f2-ijn-11-3357){ref-type="fig"}.

Polymer characterization
------------------------

The ^1^H-nuclear magnetic resonance (NMR) spectrum of macro-CPPA and p(NIPAAM-co-PEGMEA)-b-PCL were determined using a Bruker Avance-500MHz FT-NMR spectrometer (Billerica, MA, USA) with deuterated chloroform (CDCl~3~) as the solvent. Gel permeation chromatography (GPC) was carried out using a Waters 510 HPLC pump (Waters Corporation, Milford, MA, USA) equipped with a 410 differential refractometer. All samples were quantified by GPC using monodispersed polystyrenes as standards using Empower chromatography software (Waters Corporation).

Preparation and characterization of the micelles
------------------------------------------------

p(NIPAAM-co-PEGMEA)-b-PCL micelles (empty) were prepared as follows. The polymer (5 mg) was dissolved in an appropriate amount of acetone and slowly added drop-wise to 5 mL phosphate buffer saline (PBS). The residual acetone was eliminated by evaporation under ambient temperature overnight, and the micelles self-assembled.

The IR-780/17-AAG--loaded micelle was prepared using the oil-in-water emulsion solvent evaporation method.[@b22-ijn-11-3357] Briefly, IR-780, 17-AAG, and the polymer were dissolved in 1.5 mL acetone and then slowly added drop-wise to PBS. The ratio of the drug (IR-780 or 17-AAG) to the polymer was 1:6. The residual acetone was eliminated by evaporation under ambient temperature overnight, and the drug-encapsulated micelles self-assembled. The solution was then filtered through a 0.45 mm polyether-sulfone membrane filter (EMD Millipore, Billerica, MA, USA) to remove free drugs and polymer aggregates ([Figure S1](#SD1-ijn-11-3357){ref-type="supplementary-material"}). The fraction of IR-780--loaded micelles was determined by fluorescence with an excitation of 690 nm and emission of 780 nm. IR-780--loaded micelle solution was added to DMSO (final micelle solution 10%, v/v), and fluorescence was detected using a spectrofluorometer (SpectraMax Gemini XS; Molecular Devices, Sunnyvale, CA, USA) or enzyme-linked immunosorbent assay (ELISA) microplate reader (SpectraMax M2 Multi-mode Microplate Reader, Molecular Devices). In addition, the fraction of 17-AAG--loaded micelles was determined by measuring the absorbance at 332 nm. Using free IR-780 or 17-AAG in DMSO under the same conditions as standards, the drug encapsulation efficiency (EE) and drug loading content (DL) were calculated as follows: $$\text{Drug~EE}\left( \% \right) = \frac{\text{Weight~of~drug~in~the~micelles}}{\text{Weight~of~the~feeding~drug}}\  \times 100\%$$ $$\text{DL}\left( \% \right) = \frac{\text{Weight~of~drug}}{\text{Weight~of~drug} + \text{Weight~of~polymer}} \times 100\%$$

The particle mean diameters, polydispersity indexes (PDIs), and zeta potentials of the micelles were measured by dynamic light scattering (DLS) at 25°C with a scattering angle of 90° using a Zetasizer Nano-ZS90 (Malvern Instruments, Malvern, UK).

The morphology of the micelles was observed by transmission electron microscopy (H-7500; Hitachi, Tokyo, Japan). The samples were prepared by adding a drop of micelle solution onto 200-mesh carbon-coated copper grids followed by negative staining with 1% phosphotungstic acid at pH 7.0. Excess liquid on the copper grids was removed with filter papers and dried in a desiccator until examination.

Critical micelle concentration
------------------------------

The critical micelle concentration (CMC) was determined using the fluorescent probe pyrene.[@b23-ijn-11-3357] The saturated stock pyrene solution was prepared by dissolving pyrene powder in THF. The solution was then added drop-wise into deionized water (oil-in-water method) and the residual THF was removed by evaporation at room temperature overnight. Various concentrations of aqueous polymer solution, ranging from 1 mg/mL to 10^‒8^ mg/mL (one-tenth dilutions), were prepared using this method. The fluorescence intensity of the micelles was determined for excitation at 310 nm and scanned emission at 321--450 nm. The ratio of emission intensity I3/I1 (I3, 383 nm; I1, 371 nm) was determined and used to calculate the CMC.

Lower critical solution temperature behavior
--------------------------------------------

The lower critical solution temperature (LCST) is defined as the temperature producing half of the total increase in optical absorbance.[@b24-ijn-11-3357] The optical absorbance of the empty micelle solution (1 g/L) was measured at 500 nm by ELISA microplate reader (SpectraMax M2 Multi-mode Microplate Reader, Molecular Devices). Sample cells were heated slowly in a circulator bath from 25°C to 55°C prior to the measurement.

In vitro profile of 17-AAG release from the micelles as a function of temperature
---------------------------------------------------------------------------------

The profile of 17-AAG release from the micelles was determined by the dialysis bag diffusion method using dialysis membrane with a molecular weight (MW) cutoff of 3.5 kDa.[@b2-ijn-11-3357] A known volume of IR-780/17-AAG--coloaded micelles was added to a dialysis bag with Tween 80 (0.5%--1% total volume) as a surfactant. The bag was then immersed in PBS (100 mL) and stirred gently at room temperature. The aqueous solution (100 μL) was then withdrawn from the release buffer and the absorbance was measured using an ELISA microplate reader.

Cell culture and in vitro cytotoxicity
--------------------------------------

The colon cancer cell line (HCT-116) was used for in vitro studies. HCT-116 cells were cultivated in McCoy's 5A modified medium (Sigma-Aldrich Co.) with 10% (v/v) heat-inactivated fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, USA), 1% (v/v) penicillin-streptomycin-amphotericin B antibiotic-antimycotic solutions (Sigma-Aldrich Co.) at 37°C in an atmosphere of 5% CO~2~ humidified incubator. McCoy's 5A modified medium was used with further additions of 4 mM L-glutamine (Thermo Fisher Scientific). In vitro cytotoxicity was assayed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Alfa Aesar). HCT-116 cells were seeded at a density of 15,000 cells/well in a 96-well plate and incubated overnight. The culture medium was then replaced with empty micelles, 17-AAG-- or IR-780--loaded micelles, or IR-780 and 17-AAG--coloaded micelles. After incubating for 24 hours, MTT solution (100 μL, 0.4 mg/mL) was added to each well and incubated for 4 hours at 37°C.[@b25-ijn-11-3357] The culture medium was then withdrawn and replaced with DMSO (100 μL) to dissolve the purple formazan crystals. The plate was read with an ELISA reader (Sunrise-Basic, Tecan, Switzerland) at a wavelength of 570 nm and a reference at 630 nm. The percentage of viable cells was calculated as follows: (optical density \[OD\] of sample/OD of control) ×100.

Temperature measurements and photothermal ablation toxicity
-----------------------------------------------------------

An 808 nm laser diode has 0.8 W/cm^2^ output power with a center wavelength of 808 nm. To evaluate the change in temperature induced by this laser, we used the infrared thermographic camera (F30s, NEC Avio Infrared Technologies Co., Ltd., Tokyo, Japan) to record the samples per 15 seconds. HCT-116 cells were cultured in 96-well plates with IR-780--loaded micelles, 17-AAG--loaded micelles, or IR-780/17-AAG--coloaded micelles for 5 hours. Cells were then irradiated for 5 minutes and the medium was replaced with fresh medium (100 μL). Cells were incubated for 24 hours and cell viability was evaluated by MTT assay.

In vivo antitumor effects of Ir-780, 17-AAG, or IR-780/17-AAG--loaded micelles
------------------------------------------------------------------------------

The in vivo experimental protocols were approved by the National Taiwan University College of Medicine and College of Public Health Institutional Animal Care and Use Committee, and the Animal Research: Reporting of In Vivo Experiments guidelines were followed. Scid mice (5--6 weeks old) were purchased from the National Laboratory Animal Center, Taiwan. The mouse colorectal carcinoma (HCT-116) tumor model was established by the subcutaneous injection of 2×10^6^ HCT-116 cells. Tumor volumes were calculated as L×W^2^/2, where L is the length and W is the width of the tumor. Mice were treated when the tumors reached a volume of 150--200 mm^3^, designated as day 1. Mice were divided into four groups, each receiving different treatments (n=4 for each group): 1) control, 2) 17-AAG--loaded micelles with laser, 3) IR-780--loaded micelles with laser, and 4) 17-AAG/IR-780--loaded micelles with laser. The scid mice were intravenously injected with one dose of nanoparticles. At 24 hours after nanoparticle injection, tumors were exposed to light from an 808 nm laser for 2 minutes for photothermal ablation treatment. Tumor sizes and body weights were measured twice weekly during the experiment.[@b26-ijn-11-3357]

Statistical analysis
--------------------

One-way analysis of variance (ANOVA) was used to analyze the differences in the cytotoxicity of 17-AAG--, IR-780--, and IR-780/17-AAG--loaded micelles. Student's *t*-test was performed to analyze the differences in MTT assays and tumor volumes. *P*\<0.05 was considered significant and *P*\<0.01 was considered highly significant. The combination index (CI) was determined using CompuSyn software (Combosyn, Inc., Paramus, NJ). The CI provides a quantitative measure of additive effects (CI =1), synergism (CI \<1), and antagonism (CI \>1) in drug combinations.[@b27-ijn-11-3357]

Results and discussion
======================

Characterization of p(NIPAAM-co-PEGMEA)-b-PCL
---------------------------------------------

The copolymers comprised the following three components: NIPAAM, PEGMEA, and PCL. NIPAAM provides the copolymers with thermosensitivity, allowing for controlled drug release. PEGMEA protects the micelle from macrophages. The PCL moiety is a hydrophobic segment used to encapsulate the hydrophobic anticancer drug (17-AAG) or photosensitizer (IR-780) through hydrophobic--hydrophobic interactions. Macro-CPPA synthesized by ring opening polymerization and p(NIPAAM-co-PEGMEA)-PCL synthesized by RAFT polymerization were characterized by ^1^H-NMR. The resonances characteristic of PCL (δH^a^, 4.05 ppm; δH^b^, 1.4 ppm; δH^c^, 2.3 ppm; and δH^d^, 1.65 ppm), NIPAAM (δH^e^, 1.1 ppm), and PEGMEA (δH^f^, 3.6 ppm) were observed ([Figure S2](#SD2-ijn-11-3357){ref-type="supplementary-material"}). Thus, synthesis of macro-CPPA and p(NIPAAM-co-PEGMEA)-PCL was confirmed.[@b28-ijn-11-3357]

The MWs and PDIs of macro-CPPA and p(NIPAAM-co-PEGMEA)-PCL were determined by GPC, indicating a sharp peak and small PDI of 1.042 and 1.478 for macro-CPPA and p(NIPAAM-co-PEGMEA)-PCL, respectively. The number average MWs of macro-CPPA and p(NIPAAM-co-PEGMEA)-PCL were 6,601 and 16,794 g/mole, respectively. In addition, the left-shifting of the macro-CPPA peak indicated increasing MWs through a series of polymerizations. Therefore, the GPC data demonstrated successful RAFT polymerization ([Figure S3](#SD3-ijn-11-3357){ref-type="supplementary-material"}), detailed information of which is presented in [Table 1](#t1-ijn-11-3357){ref-type="table"}.

Micelle characterization
------------------------

Low CMC values are essential to the stability of the micelles upon dilution in the blood. The CMC of empty micelles was found to be \~9 mg/L. This low CMC value indicated that the new polymer p(NIPAAM-co-PEGMEA)-b-PCL formed empty micelles that remained intact when diluted in blood environments ([Figure S4](#SD4-ijn-11-3357){ref-type="supplementary-material"}).

[Table 2](#t2-ijn-11-3357){ref-type="table"} shows the average size, zeta potential, PDIs, and EE of micelles. The particle size and zeta potential of empty micelles were \~91.4±0.8 nm (PDI, 0.086) and -12.9±0.57 mV, respectively. Upon incorporation of 17-AAG or IR-780 into the micelles, the particle size increased to 118.1±1.5 nm (PDI, 0.109) and 149.1±3.2 nm (PDI, 0.135), respectively. [Table 2](#t2-ijn-11-3357){ref-type="table"} shows the size distribution of particles incorporating each drug. The majority of particles were below 0.2 nm in size, demonstrating that the solutions were homogeneous with a narrow size distribution. The zeta potentials changed only slightly with incorporation of 17-AAG or IR-780(17-AAG alone, −17.2±1.92 mV; IR-780 alone, −6.3±1.12 mV; 17-AAG/IR-780-coloading, −4.52±0.6 mV) ([Figure S5](#SD5-ijn-11-3357){ref-type="supplementary-material"}). These results indicate that loading either or both of the drugs into the micelle core does not affect the zeta potential.

The drug EE of 17-AAG or IR-780 by the micelles was \~51% and 70%, respectively. Because of the smaller space available to each drug, the EE of dual drug (IR-780/17-AAG)--coloaded micelles was \~33%/32%. Transmission electron microscopy (TEM) demonstrated that coloaded micelles were round and of a uniform size (range, 130--200 nm) ([Figure 3](#f3-ijn-11-3357){ref-type="fig"}). Similar particle sizes were indicated by TEM and DLS. The small size of the micelles (\<200 nm) conforms to that required for use in drug delivery system, conferring enhanced permeability and retention effects to increase accumulation in tumors.

The thermosensitive polymer in the micelles triggered a hydration-dehydration change in the micelles in an aqueous solution when the environmental temperature was close to the LCST. This change disrupted the conformation of the micelles, releasing the drug. In addition, the hydroxyl group of PEGMEA enhanced the hydrophilicity and modulated the LCST of the p(NIPAAM-co-PEGMEA)-b-PCL copolymer. The LCST of empty micelles was 43°C ([Figure S6](#SD6-ijn-11-3357){ref-type="supplementary-material"}). This characteristic may facilitate drug release at higher temperatures, conferring control over drug release.

Drug release profiles
---------------------

Because of the photobleaching effect, the concentration of IR-780 in the micelles could not be accurately measured after irradiation. The release profile of 17-AAG in IR-780/17-AAG-coloaded micelles with or without laser treatment was carried out by dialysis bag diffusion method at 37°C in PBS and the results are shown in [Figure 4](#f4-ijn-11-3357){ref-type="fig"}. The IR-780/17-AAG--coloaded micelles without laser treatment released only 50.1% of the 17-AAG contents in 24 hours. With laser treatment, rapid 17-AAG release was observed after 5 minutes. The fraction of 17-AAG released was \~53% after 5 hours and \~65% after 24 hours. When IR-780/17-AAG-coloaded micelles were irradiated by laser, the photothermal effect of IR-780 heated the environment. Then, the thermosensitive polymeric micelle became unstable and facilitated more drug release. Because the polymer of NIPAAM with LCST causes a coil-globule transition of polymer chains, the micelle composed of copolymer, p(NIPAAM-co-PEGMEA)-b-PCL, shows decreased swelling levels with increasing temperatures and deswelling dramatically at the temperature near LCST. This mechanism can also increase the amount of drug release. Moreover, because of the destruction of hydrophilic and hydrophobic balance of the IR-780/17-AAG--coloaded micelles, the data showed that the drug release behavior of the micelles was temperature-dependant. Thus, the micelles exhibited thermosensitive release of the drug. In addition, the increased release of 17-AAG may improve the inhibition of HSP-90.

In vitro photothermal property of Ir-780/17-AAG micelles
--------------------------------------------------------

The infrared-absorbing property of IR-780 (A~max~, 800 nm) was used to create photosensitive micelles for use in photothermal ablation therapy. Near-infrared (NIR) light with IR-780 converts light of the appropriate wavelength into heat, killing cancer cells. Only IR-780--loaded micelles promoted an increase in the temperature of the environment in response to light ([Figure 5A](#f5-ijn-11-3357){ref-type="fig"}). Within 5 minutes of laser irradiation, the solution of IR-780/17-AAG--coloaded micelles reached \~55°C, whereas that of micelles containing 17-AAG alone remained at 30°C ([Figure 5B](#f5-ijn-11-3357){ref-type="fig"}). This inducible temperature increase could be used to release the drug during photothermal ablation therapy. Previous studies have reported that photothermal ablation therapy requires the temperature to increase above 43°C, which was clearly achieved by these micelles.[@b9-ijn-11-3357]

In vitro photothermal toxicity and synergistic effects
------------------------------------------------------

The viability of HCT-116 cells treated with empty p(NIPAAM-co-PEGMEA)-b-PCL micelles is shown in [Figure S7](#SD7-ijn-11-3357){ref-type="supplementary-material"}. Addition of the nontoxic polymers PEGMEA and PCL does not decrease cell viability at concentrations below 100 μg/mL. The viability of cells treated with either 50 μg/mL 17-AAG--loaded micelles or free 17-AAG--loaded micelles was 66.03% and 57.2%, respectively. Thus, the cytotoxicity of 17-AAG is maintained in the micelles. However, lower cytotoxicity of 17-AAG in micelles loaded with higher concentrations of the drug occurs as a result of encapsulation of the drug in the micelle, decreasing the drug release and facilitating micelle accumulation in the tumor.

HCT-116 cells were treated with IR-780--loaded micelles (10 μg/mL) for 24 hours and excited with an 808 nm laser diode. Similar effects were observed in IR-780--loaded micelles and free IR-780 without laser irradiation ([Figure 6](#f6-ijn-11-3357){ref-type="fig"}). Cells treated with NIR irradiation exhibited lower survival rate than those treated without light irradiation. These results indicate that IR-780 loaded into micelles is a potential photosensitizer for photothermal ablation therapy.

The goal of this study was to combine chemotherapy and photothermal ablation therapy to create a new delivery system. After 24 hours of incubation, IR-780/17-AAG--coloaded micelles exhibited significant killing of HCT-116 cells upon laser irradiation, with growth inhibition (\>50%), over that of cells treated with micelles containing either drug alone. IR-780/17-AAG--coloaded micelles had synergistic effects on cell killing, as indicated by the CI values ([Table 3](#t3-ijn-11-3357){ref-type="table"}). The CI value of HCT-116 cells treated with micelles containing 50 μg/mL 17-AAG and 10 μg/mL IR-780 plus laser irradiation was 0.87. The synergistic effect (CI \<1) was thus verified. These results indicate that with laser irradiation, the raising temperature provided not only controlled release of 17-AAG but also photothermal ablation therapy in vitro.

In vivo antitumor effects of IR-780 alone, 17-AAG alone, or IR-780 plus 17-AAG--loaded micelles upon NIR irradiation
--------------------------------------------------------------------------------------------------------------------

As shown in [Figure 7A](#f7-ijn-11-3357){ref-type="fig"}, scid mice (5--6 weeks old) were used to establish a colon cancer tumor model; mice were treated when the tumors reached a volume of 150--200 mm^3^. The antitumor efficacy of 17-AAG--, IR-780--, and IR-780 plus 17-AAG--loaded micelles with or without 808 nm laser (0.8 W/cm^2^, 2 minutes) was evaluated in the tumor model. The loss of body weight in mice was used as a measure of treatment effects. None of the mice exhibited significant changes in body weight during the treatment, indicating a potential for clinical use ([Figure 7B](#f7-ijn-11-3357){ref-type="fig"}). In addition, the group treated with empty micelles exhibited no significant therapeutic effect, showing that the empty micelle was well tolerated and exhibited no toxicity in vivo. [Figure 7B](#f7-ijn-11-3357){ref-type="fig"} shows that the tumor size in the control group continues to grow over the course of time. Tumor growth decreased slightly in the group treated with 17-AAG--loaded micelles and in the group treated with IR-780--loaded micelles with laser irradiation. However, mice treated with IR-780/17-AAG--loaded micelles with laser irradiation exhibited significantly greater suppression of tumor growth than did those undergoing single treatment. The increase in temperature at the tumor site after 2 minutes (47.2°C) achieved the effect of PTT ([Figure 8](#f8-ijn-11-3357){ref-type="fig"}). Thus, the use of thermosensitive NIPAAM in micelles improved the release of 17-AAG during the temperature increase. The combination of photothermal ablation therapy and chemotherapy provided better treatment. The in vivo results illustrating the effects of treatment with IR-780/17-AAG--loaded micelles are in accordance with the in vitro results.

Conclusion
==========

In this study, a thermosensitive material based on p(NIPAAM-co-PEGMEA)-b-PCL copolymers was successfully fabricated and self-assembled into micelles that were coloaded with an HSP inhibitor (17-AAG) and a photothermal agent (IR-780). IR-780/17-AAG--coloaded micelles exhibited characteristics consistent with use as a multifunction nanomedicine for dual PTT and chemotherapy. Furthermore, 17-AAG was released more effectively during laser irradiation due to the thermosensitivity of the micelles. The combination of chemotherapy and PTT was synergistic, not only inducing HCT-116 cell death in vitro but also suppressing HCT-116 tumor growth in vivo. These novel thermosensitive p(NIPAAM-co-PEGMEA)-b-PCL micelles may be ideal nanocarriers for clinical use to provide controlled delivery of 17-AAG and IR-780.

Supplementary materials
=======================

###### 

Preparation of IR-780/17-AAG--coloaded micelles.

**Abbreviations:** NIPAAM, N-isopropylacrylamide; PEGMEA, poly(ethylene glycol) methyl ether acrylate; PCL, poly(epsilon-caprolactone); 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared.

###### 

^1^H NMR spectra of CPPA-PCL (macro-CPPA) and p(NIPAAM-co-PEGMEA)-b-PCL in CDCl~3~.

**Note:** The a--f correspond with the left chemical structure and they can also be noted on the chemical structure (δHa, 4.05 ppm; δHb, 1.4 ppm; δHc, 2.3 ppm; and δHd, 1.65 ppm), NIPAAM (δHe, 1.1 ppm), and PEGMEA (δHf, 3.6 ppm).

**Abbreviations:** NMR, nuclear magnetic resonance; CPPA, 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid; PCL, poly(epsilon-caprolactone); NIPAAM, N-isopropylacrylamide; PEGMEA, poly(ethylene glycol) methyl ether acrylate; CDCl~3~, deuterated chloroform.

###### 

GPC spectrum of macro-CPPA and p(NIPAAM-co-PEGMEA)-b-PCL copolymers.

**Abbreviations:** GPC, gel permeationchromatography;CPPA, 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid; PCL,poly(epsilon-caprolactone); NIPAAM, N-isopropylacrylamide; PEGMEA, poly(ethylene glycol) methyl ether acrylate; MW, molecular weight.

###### 

Plot to determine the critical micelle concentration.

**Abbreviations:** I3, emission intensity at 383 nm; I1, emission intensity at 371 nm.

###### 

Dynamic light scattering to determine micelle size (**A**) and zeta potential (**B**).

**Abbreviations:** PCL, poly(epsilon-caprolactone); NIPAAM, N-isopropylacrylamide; PEGMEA, poly(ethylene glycol) methyl ether acrylate; 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared.

###### 

Absorbance curve of empty micelle solution as a function of temperature.

**Abbreviation:** OD, optical density.

###### 

The viability of HCT-116 cells treated with micelles.

**Notes:** (**A**) The cytotoxicity of empty micelles on HCT-116 cells after 24 hours. (**B**) The cytotoxicity of free 17-AAG-- and 17-AAG--loaded micelles on HCT-116 cells after 24 hours.

**Abbreviations:** 17-AAG, 17-allylamino-17-demethoxygeldanamycin; HCT, human colorectal adenocarcinoma.
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![TEM images of Ir-780/17-AAG--coloaded micelles.\
**Abbreviations:** TEM, transmission electron microscopy; 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared.](ijn-11-3357Fig3){#f3-ijn-11-3357}

![Drug release profiles of IR-780/17-AAG--coloaded micelles in PBS at 37°C.\
**Note:** Red arrow indicates the time point of light treatment.\
**Abbreviations:** 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared; PBS, phosphate buffered saline.](ijn-11-3357Fig4){#f4-ijn-11-3357}

![In vitro photothermal property of Ir-780/17-AAG micelles.\
**Notes:** (**A**) Temperature change in Ir-780/17-AAG--coloaded micelles and 17-AAG--loaded micelles during continuous irradiation. (**B**) Image of Ir-780/17-AAG--coloaded micelles during continuous irradiation for 5 minutes (808 nm laser at 0.8 W/cm^2^).\
**Abbreviations:** 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared; CEN, center.](ijn-11-3357Fig5){#f5-ijn-11-3357}

![The cytotoxicity at 24 hours of Ir-780--loaded micelles and free drug, with or without light irradiation.\
**Note:** ^\*^*P*\<0.05.\
**Abbreviations:** 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared; D, without laser; L, with laser.](ijn-11-3357Fig6){#f6-ijn-11-3357}

![In vivo antitumor effects of IR-780 alone, 17-AAG alone, or IR-780 plus 17-AAG--loaded micelles upon NIR irradiation.\
**Notes:** (**A**) Photographs of scid mice at the indicated days after treatment with IR-780/17-AAG--coloaded micelles. (**B**) Tumor volumes and body weights of scid mice treated with 17-AAG--loaded micelles with NIR irradiation, 17-AAG--loaded micelles alone, or IR-780/17-AAG--coloaded micelles with NIR irradiation. ^\*^*P*\<0.05; ^\*\*^*P*\<0.01.\
**Abbreviations:** 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared; NIR, near-infrared.](ijn-11-3357Fig7){#f7-ijn-11-3357}

![Tumor temperature and infrared thermographic maps of nude mice bearing HCT-116 tumors injected with IR-780/17-AAG--coloaded micelles.\
**Abbreviations:** 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared.](ijn-11-3357Fig8){#f8-ijn-11-3357}

###### 

Molecular weights of polymers (g/mol)

  Sample name                 Mn       MW       PDI
  --------------------------- -------- -------- -------
  Macro-CPPA                  6,601    6,884    1.042
  p(NIPAAM-co-PEGMEA)-b-PCL   16,794   24,829   1.478

**Abbreviations:** CPPA, 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid; NIPAAM, N-isopropylacrylamide; PEGMEA, poly(ethylene glycol) methyl ether acrylate; PCL, poly(epsilon-caprolactone); PDI, polydispersity index; MW, molecular weight; Mn, number average MWs.

###### 

Characterization and drug load of p(NIPAAM-co-PEGMEA)-b-PCL micelles

  Sample name                       Size (nm)    PDI     Zeta (mV)     EE (%)
  --------------------------------- ------------ ------- ------------- --------
  Empty micelle                     91.4±0.8     0.086   −12.9±0.57    --
  17-AAG--loaded micelle            118.1±1.5    0.109   −17.2± 1.92   51
  Ir-780--loaded micelle            149.1 ±3.2   0.135   −6.3±1.12     70
  Ir-780/17-AAG--coloaded micelle   175.5±4.1    0.167   −4.52±0.6     33/32

**Notes:** Weight ratio = weight ratio of drug to p(NIPAAM-co-PEGMEA)-b-PCL; EE (encapsulation efficiency) = weight of drug in micelles/weight of total drug × 100%.

**Abbreviations:** NIPAAM, N-isopropylacrylamide; PEGMEA, poly(ethylene glycol) methyl ether acrylate; PCL, poly(epsilon-caprolactone); 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR, infrared.

###### 

Combination indexes

            17-AAG (mg/L)   IR-780 (mg/L)   CI value   
  --------- --------------- --------------- ---------- -----------
  HCT-116   50              10              0.87       synergism

**Abbreviations:** HCT, human colorectal adenocarcinoma; 17-AAG, 17-allylamino-17-demethoxygeldanamycin; IR infrared; CI, combination index.
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